The mitochondrial DNA in the unfertilized egg of the sea urchin Lytechinus pictus is present in an amount approximately seven times that of the haploid nuclear DNA.' The mitochondrial DNA has a higher buoyant density than the nuclear DNA and consists of circular duplex molecules of a uniform size of about 5 ,. The circular DNA has been recovered' in both the intact (closed) and nicked (open) states characteristic of the circular duplex viral DNA's2 and the mitochondrial DNA's from birds and mammals. 3' 4 In the present study covalently closed circular duplexes were isolated by buoyant density centrifugation in ethidium bromide-CsCl density gradients.' This DNA has been characterized by electron microscope and sedimentation methods. Electron The homogenate was divided into three equal aliquots and solid CsCl added to densities of 1.55, 1.65, and 1.75 gm/ml. The solutions were layered into SW25 tubes to a volume of 28 ml. Each tube contained the homogenate from 5 to 6 ml of packed eggs. After centrifugation at 23 Krpm for 72 hr at 20'C in a Beckman preparative ultracentrifuge, the contents of the tubes were drained through a needle inserted about 1 cm above the bottom of the tube. A 5-ml vol containing the turbid polysaccharide band and the DNA' was collected from each tube. This material either was used directly in ethidium bromide-CsCl density gradients or was diluted with 2 vol of water and precipitated with an equal volume of ethanol. After 16 hr at 40C, the precipitate was washed by centrifugation 2 X with cold ethanol and 1X with ether, and air-dried. The precipitate was dissolved in a CsCl solution, density 1.55 gm/ml, 0.01 M tris, pH 7.6. Ethidium bromide in 1.55 gm/ml CsCl was added to a final dye concentration of 300 Ag/ml. Thirty to 50 ,g of DNA, from 3 to 5 ml of packed eggs, in 5 ml of dye-CsCl were centrifuged 48 hr in an SW65 rotor at 43 Krpm at 200C. The tubes were fractionated in 27-uliter fractions with a Buehler drop-collecting unit into nonfluorescent plastic trays obtained from Linbro Chemical Co. The centers of the upper and lower bands were located in a darkened room with near ultraviolet light. The trays were covered and stored at -20'C. The fractions were used directly in electron microscopy. For centrifuge studies the dye was removed by chromatography through a 0.25-ml bed of Dowex 50W-X4 resin (Cs+). The 838
nicked (open) states characteristic of the circular duplex viral DNA's2 and the mitochondrial DNA's from birds and mammals.3' 4 In the present study covalently closed circular duplexes were isolated by buoyant density centrifugation in ethidium bromide-CsCl density gradients. ' This DNA has been characterized by electron microscope and sedimentation methods. Electron (EDTA) .'
The homogenate was divided into three equal aliquots and solid CsCl added to densities of 1.55, 1.65, and 1.75 gm/ml. The solutions were layered into SW25 tubes to a volume of 28 ml. Each tube contained the homogenate from 5 to 6 ml of packed eggs. After centrifugation at 23 Krpm for 72 hr at 20'C in a Beckman preparative ultracentrifuge, the contents of the tubes were drained through a needle inserted about 1 cm above the bottom of the tube. A 5-ml vol containing the turbid polysaccharide band and the DNA' was collected from each tube. This material either was used directly in ethidium bromide-CsCl density gradients or was diluted with 2 vol of water and precipitated with an equal volume of ethanol. After 16 hr at 40C, the precipitate was washed by centrifugation 2 X with cold ethanol and 1X with ether, and air-dried. The precipitate was dissolved in a CsCl solution, density 1.55 gm/ml, 0.01 M tris, pH 7.6. Ethidium bromide in 1.55 gm/ml CsCl was added to a final dye concentration of 300 Ag/ml. Thirty to 50 ,g of DNA, from 3 to 5 ml of packed eggs, in 5 ml of dye-CsCl were centrifuged 48 Results.-Buoyant density fractions in ethidium bromide-CsCl gradients: The initial buoyant density centrifugation of egg homogenates in CsCl alone yields a DNA preparation which contains a considerable amount of polysaccharide and RNA. Subsequent centrifugation of this material in dye-CsCl results in a wide separation of these three components, as shown in Figure la . The RNA sediments to the bottom of the tube. The polysaccharide forms a turbid, nonfluorescent layer in the lower part of the tube. The strongly fluorescent DNA14 is resolved into three bands well above the polysaccharide layer. 
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The upper and lower bands are separated by a distance of ca. 4.5 mm; the faint middle band is located midway between the two main bands. Figure lb presents a scan of the fluorescence of this region and gives a measure of the relative amounts of DNA in the three layers. The three DNA bands were analyzed in the analytical ultracentrifuge and by electron microscopy. Samples from the lower and middle bands contained a single DNA species with the buoyant density of mitochondrial DNA (Figs. 2b and c); a sample from the upper band contained mitochondrial DNA and a smaller amount of nuclear DNA (Fig. 2a) . The dense satellite DNA reported earlier' to be present in L. pictus eggs was not detected in these preparations. Whole-egg DNA extracted by the previously described procedure' contained only two DNA bands, mitochondrial and nuclear, in buoyant analyses in the analytical ultracentrifuge. We estimate that a 2 per cent admixture of the dense DNA could have been observed. The source of the dense DNA and the variability of its occurrence remain at present unexplained.
Dimers and higher oligomers of circular mitochondrial DNA: Electron microscope examination of a DNA sample from the lower band showed only circular DNA molecules, the majority of which were twisted. Of 331 molecules examined at random, 95 per cent were circular monomers and 5 per cent were dimers, i.e., compound molecules consisting of two monomers. DNA samples from two separate middle band preparations also contained exclusively circular molecules. Of 745 molecules examined, 33 per cent were circular monomers, 63 per cent were dimers, 3 per cent were trimers, and unit may be nicked while the other remains intact. Such joined molecules in HeLa cell mitochondrial DNA have been shown to be interlocked circles or catenanes.6 In the present work, in specimen grid preparations with high contrast, the open dimers could often be seen to be catenated in chainlike fashion when examined at various focal planes. The catenation could also be observed in a study of the grain pattern on negative films of electron micrographs under a dissecting microscope. Selected catenated molecules are shown in Figure 3 .
The proportion of catenated molecules in sea urchin egg mitochondria was measured in an electron microscope examination of an unfractionated mitochondrial DNA preparation isolated by the method of Piko et al. Size of the circular units in monomers and oligomers: The contour lengths of the monomers and of the monomer units in the catenanes measured on the electron micrographs are presented as histograms in Figures 4a and b . Table 1 shows the average length of DNA circles in the various kinds of molecules. The tabulated results indicate that there is no significant difference in the contour length of the circular units in the monomers and the catenanes within the same electron microscope preparation. The 4 per cent difference in the mean length of the molecules in the two different preparations is within the range currently observed in our laboratories.6
Sedimentation properties of sea urchin egg DNA: Table 2 summarizes the data obtained for L. pictus egg DNA in buoyant density and sedimentation velocity experiments. In another sea urchin species, Strongylocentrotus purpuratus, the buoyant densities of the nuclear and mitochondrial DNA were 1.695 and 1.701 gm/ml, respectively. Lower band material obtained by dye-buoyant density centrifugation (Fig. 1 ) was used for the analysis of the sedimentation properties of covalently closed mitochondrial DNA from L. pictus. The DNA was freed of dye by column chromatography. Sedimentation velocity experiments in neutral 2.85 M CsCl and 1 M NaCl showed the presence of two components with standard sedimentation coefficients, calculated for Na-DNA, 38S (I) and 27S (II) ( Table 2) In the sedimentation velocity measurements at alkaline pH, the fast-moving band appeared to decrease in amount and to broaden during centrifugation. This behavior indicates that the closed circular DNA is hydrolyzing while sedimenting. A similar effect was observed in a band-buoyancy experimient"5 in alkaline CsCl, pH 12.5. Initially, two bands were observed sedimenting from the meniscus. The fast-moving band decreased steadily in mass and disappeared completely within about 4'/2 hours. At equilibrium a single broad band was observed with an average buoyant density of 1.759 gm/ml (Fig. 5) 59, 1968 oligomers. To date no circular dimer, a circular molecule twice the monomer size, was observed in sea urchin egg DNA. Circular dimers have been reported in leukemic leucocyte mitochondrial DNA,7 colicinogenic factor,'6 and RF4X DNA.'7 The finding of catenated molecules in HeLa cells,6 leucocytes,7 and in the sea urchin egg was facilitated by enrichment of these forms in the middle band. The interlocking nature of the joint was clearly shown6 when grids with HeLa mitochondrial DNA were shadowed first while rotating and then from a single direction. The possibility that catenation may be the result of a recombination process has been discussed by Hudson and Vinograd.6 The significance of catenated forms in mitochondrial structure and function is obscure at present. The occurrence of these forms in sea urchin eggs, and normal leucocytes,7 indicates that they are not per se associated with abnormal cells such as the HeLa cells6 and leukemic leucocytes.7
The physical properties of sea urchin mitochondrial DNA are in general agreement with those established for closed circular viral DNA2 9, 1 and circular mitochondrial DNA from mammals and birds3 4and amphibia.'8 One difference from viral DNA appears to be the greater instability of the mitochondrial DNA at alkaline pH. The apparent difference in the buoyant densities of the denatured strands should be noted; a considerably larger difference in the densities of the two strands has been indicated recently for frog egg mitochondrial DNA. 18 Summary.-Closed circular mitochondrial DNA, free of nuclear DNA, was isolated from L. pictus eggs by buoyant density centrifugation in ethidium bromide-CsCl density gradients. The closed and open circular forms of mitochondrial DNA were characterized in sedimentation velocity experiments at neutral and alkaline pH. Electron microscope examination has shown that approximately 12 per cent of the mitochondrial DNA molecules are in the form of catenanes consisting of two or more topologically interlocked circular units of the monomer size of about 5,u.
